The semileptonic decays of heavy spin-1/2, Ξ b(c) and Ξ ′ b(c) baryons to the light spin-1/2, Ξ and Σ baryons are investigated in the framework of light cone QCD sum rules. In particular, using the most general form of the interpolating currents for the heavy baryons as well as the distribution amplitudes of the Ξ and Σ baryons, we calculate all form factors entering the matrix elements of the corresponding effective Hamiltonians in full QCD. Having calculated the responsible form factors, we evaluate the decay rates and branching fractions of the related transitions. PACS number(s): 11.55. Hx, 13.30.Ce, 14.20.Mr, 14.20 Such an experimental progress stimulates the theoretical studies on properties of the heavy baryons as well as their electromagnetic, weak and strong transitions. The mass spectrum of the heavy baryons has been studied using various methods including heavy quark effective theory [2] , QCD sum rules [3] [4] [5] [6] and some other phenomenological models [7] [8] [9] [10] [11] [12] . Some electromagnetic properties of the heavy baryons and their radiative decays have been investigated in different frameworks in [6, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The strong decays of the heavy baryons have also been in the focus of much attention, theoretically (see for instance [25] [26] [27] and references therein).
Introduction
Almost all of the anti-triplet states Λ [1] . Among the S-wave bottom baryons, the Λ b , Σ b , Σ * b , Ξ b and Ω b states have also been observed. It is expected that the LHC not only will open new horizons in the discovery of the excited bottom baryons but also it will provide possibility to study properties of heavy baryons as well as their electromagnetic, weak and strong decays.
Such an experimental progress stimulates the theoretical studies on properties of the heavy baryons as well as their electromagnetic, weak and strong transitions. The mass spectrum of the heavy baryons has been studied using various methods including heavy quark effective theory [2] , QCD sum rules [3] [4] [5] [6] and some other phenomenological models [7] [8] [9] [10] [11] [12] . Some electromagnetic properties of the heavy baryons and their radiative decays have been investigated in different frameworks in [6, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The strong decays of the heavy baryons have also been in the focus of much attention, theoretically (see for instance [25] [26] [27] and references therein).
However, the weak and semileptonic decays of heavy baryons are very important frameworks not only in obtaining information about their internal structure, precise calculation of the main ingredients of standard model (SM) such as Kabbibbo-Kobayashi-Maskawa (CKM) matrix elements and answering to some fundamental questions like nature of the CP violation, but also in looking for new physics beyond the SM. The loop level semileptonic transitions of the heavy baryons containing single heavy quark to light baryons induced by the flavor changing neutral currents (FCNC) are useful tools, for instance, to look for the supersymmetric particles, light dark matter, fourth generation of the quarks and extra dimensions etc. [28, 29] . Some semileptonic decay channels of the heavy baryons have been previously investigated in different frameworks (see for instance [30] [31] [32] [33] [34] [35] [36] [37] [38] and references therein).
The present work deals with the semileptonic decays of heavy Ξ b(c) and Ξ ′ b(c) baryons to the light Ξ and Σ baryons. The considered channels are either at loop level described by twelve form factors in full QCD or at tree level analyzed by six form factors entering the transition matrix elements of the corresponding low energy Hamiltonian. Here, we should mention that by the "full QCD" we refer to the QCD theory without any approximation like heavy quark effective theory (HQET) so we take the mass of heavy quarks finite. In HQET approximation, the number of form factors describing the considered transitions reduce to only two form factors [39, 40] . The considered processes take place in low energies far from the perturbative region, so to calculate the form factors as the main ingredients, we should consult some nonperturbative methods. One of the most powerful, applicable and attractive nonperturbative methods is QCD sum rules [41, 42] and its extension light cone sum rules (LCSR) (see for instance [43] ). We apply the LCSR method to calculate the corresponding form factors in full theory. In this approach, the time ordering multiplication of the most general form of the interpolating currents for considered heavy baryons with transition currents are expanded in terms of the distribution amplitudes (DA's) of the light Ξ and Σ baryons. Using the obtained form factors, we calculate the decay rate and branching ratio for the considered channels.
The introduction is followed by section 2 which presents the details of the application of the LCSR method to find the QCD sum rules for the form factors. Section 3 is devoted to the numerical analysis of the form factors as well as evaluation of the decay widths and branching fractions. Finally, section 4 encompasses our conclusion.
LCSR for transition form factors
This section is dedicated to the details of calculations of the form factors. As we previously mentioned, the considered transitions can be classified as loop FCNC and tree level decays. The loop level transitions include the semileptonic
where
are transition form factors, and u B Q and u B are spinors of the initial and final states. The B Q (p + q, s) stands for particles with momentum p + q and spin s. From the explicit expressions of the effective Hamiltonians, it is clear that the loop level transitions contain both transition matrix elements having twelve form factors while the tree level channels include only the transition current I that corresponds to six form factors. In each graph, the q 1 and q 2 are light spectator quarks.
Our main task in the present work is to calculate the transition form factors. According to the philosophy of the QCD sum rules approach, we start with the following correlation functions as the main building blocks of the method:
where J B Q is the interpolating current carrying the quantum numbers of the Ξ Q (Ξ ′ Q ) baryons. The diagrammatic representations of these correlation functions are presented in Figure 1 . The interpolating currents for the considered baryons have the following general forms (see for instance [44] ): The correlation functions given above can be calculated in two different ways. From the phenomenological or physical side, they are calculated inserting complete sets of hadronic states having the same quantum numbers as the chosen interpolating fields. The results of this side appear in terms of hadronic degrees of freedom. On the other side, the QCD or theoretical side of the correlation functions are calculated in terms of the B baryon DA's via operator product expansion (OPE). Then, we match these two different representations to relate the hadronic parameters to fundamental QCD degrees of freedom which leads to QCD sum rules for the considered form factors. To suppress contribution of the higher states and continuum, we apply Borel transformation with respect to the initial momentum squared to both sides of the sum rules and use the quark-hadron duality assumption.
Inserting complete set of hadronic state into correlation functions and isolating the contribution of the ground state, we obtain the following representations from physical side:
where the ... stands for the contributions of the higher states and continuum. To proceed, besides the transition matrix elements, we need also to know the matrix element
Putting all definitions in Eqs. (7) and (8) and using the completeness relation for Dirac particle as
we get the following final representations of the correlation functions in physical side:
where we choose the represented structures to obtain sum rules for the form factors or their combinations. Here, we should comment that besides the presented structures, there are other structures which one can select to find the form factors. However, our calculations show that the selected structures lead to the more reliable results having good convergence of sum rules, i.e. in the coefficients of the selected structures, contribution of the higher twists is less than those of the lower twists. Now, we turn our attention to calculate the QCD sides of the aforesaid correlation functions. They are calculated in deep Euclidean region, where
Using the explicit expressions of the interpolating currents and contracting out the quark pairs using the Wick's theorem, we find
for
for Ξ c → Σl
for Ξ
for Ξ c → Ξlν,
for Ξ c → Σlν,
for Ξ ′ c → Ξlν, and
for Ξ ′ c → Σlν, where S Q (x) is the heavy quark propagator which is given by [45] :
and,
with K i being the Bessel functions. In Eq. (29), the S f ree Q corresponds to the free propagation of the heavy quark. The interaction of the heavy quark with the external gluon field is represented by the remaining terms. However calculation of these types of interactions requires knowledge of the currently unknown four-and five-particle baryonic DA's. The contribution of such terms are expected to be small [46] [47] [48] , hence, in the present work we ignore their contributions.
To complete the calculations in QCD side, we need also the wave functions of the Ξ and Σ baryons, i.e., ǫ abc 0|s
. These wave functions are expanded in terms of DA's having different twists which are calculated in [49] and [50] . For completeness, we present the explicit forms of the wave functions together with the DA's in the Appendix. Using the wave functions and heavy quark propagator we obtain the correlation functions in QCD side.
To obtain sum rules for the form factors, we match the coefficients of the same Dirac structures from both sides of the correlation functions. We also apply Borel transformation and continuum subtraction to suppress the contribution of the higher states and continuum. These processes bring us two auxiliary parameters, namely Borel mass parameter M 2 and continuum threshold s 0 which we will find the working regions for these quantities in the next section. In the meanwhile, we need also the residues λ Ξ Q (Ξ ′ Q ) whose explicit forms are given in [24] . The explicit forms of sum rules for the form factors are very lengthy and we do not present their explicit expressions here, but we will give their fit functions in terms of q 2 in next section.
Numerical Results
In this section, we numerically analyze the form factors and obtain their behavior in terms of q 2 . Using the fit functions of the form factors, we also calculate the decay rates for all considered channels and branching ratios for the channels in which the lifetime of initial particle is known. Some input parameters used in the numerical calculations are: m The main input parameters of the LCSR for form factors are the DA's of the Ξ and Σ baryons presented in the Appendix. These DA's contain also four independent parameters. These parameters in the case of Ξ baryon are given as [49] :
and for Σ baryon, they take the values [50] :
The LCSR for form factors contain also three auxiliary parameters. Borel mass parameter M 2 and continuum threshold s 0 are two of them coming from the Borel transformation and continuum subtraction, respectively. The general parameter β is the third parameter entering the calculations from the general form of the interpolating currents for B Q baryons. According to the standard criteria in QCD sum rules, the results of form factors should be independent of these auxiliary parameters. Hence, we should look for working regions of these parameters such that the dependence of the results on these parameters are weak. The working region for the Borel mass parameter is determined requiring that not only the higher states and continuum contributions constitute a small percentage of the total dispersion integral but also the series of the light cone expansion with increasing twist should converge. This leads to the interval 15 GeV 2 ≤ M 2 ≤ 30 GeV 2 for bottom baryons and 4 GeV 2 ≤ M 2 ≤ 10 GeV 2 for charmed baryons. The continuum threshold s 0 is not totally arbitrary but it is related to the energy of the first excited state. Our numerical calculations show that in the region (m B Q + 0.3) 2 GeV 2 ≤ s 0 ≤ (m B Q + 0.7) 2 GeV 2 , the results of the form factors exhibit very weak dependency on this parameter. Our numerical calculations also lead to the working region −0.6 ≤ cos θ ≤ 0.3 with tan θ = β for the general parameter β. As an example, we present the dependence of the form factor f 2 for Ξ b → Ξℓ + ℓ − on cos θ and M 2 in Figures 2 and 3 , respectively. From these figures, we see that the form factor f 2 depends weakly on the M 2 and s 0 compared to the cos θ. However, the dependence of the f 2 on cos θ in the above mentioned working region is minimal compared to the intervals out of the working region. Now, we proceed to find the q 2 dependence of the form factors in whole physical region, i.e. 4m 2 for tree level transitions. However, unfortunately the sum rules for form factors are truncated at some points and are not reliable in the whole physical region. This point for instance for the Ξ b → Ξl + l − transition is roughly at q 2 = 15 GeV 2 . To extend the results to whole physical region, we look for parametrization of the form factors such that in the reliable region, the results obtained from fit parametrization coincide with the sum rules predictions. Using the above working regions for the auxiliary parameters as well as other input parameters, we find that the form factors are well extrapolated by the fit parametrization, Our last task is to calculate the decay rates and branching ratios of the considered channels using the fit functions of the form factors. Considering the amplitudes of the transitions and definitions of the transition matrix elements in terms of form factors, the differential decay rate for loop level transitions is obtained as [37] :
q 2 is the lepton velocity. The functions Θ(s) and ∆(s) are given as:
∆ (s) = −8m
where r = m and
Integrating the differential decay rate over s in whole physical region, 4m
, one can obtain the total decay rate. For the tree level transitions, the formula for the decay width is given by [52, 53] :
− m B and m l is the lepton's mass. The numerical results of decay width for considered channels are presented in Table 17 . Finally, for the channels which we know the lifetime of the initial particles [1] , we calculate the branching ratios as presented in Table 18 . The orders of branching fractions for most of the channels presented in Table 18 show that these channels are accessible at LHC.
Conclusion
In the present study, we have considered various loop level and tree level semileptonic decays of heavy Ξ −6 which is in good consistency with our previous work [37] . Any measurement on the considered channels in the present work and comparison of the obtained data with our results can help us understand better the internal structures of the considered heavy baryons as well as obtain useful information about the distribution amplitudes of the Ξ and Σ baryons. Such comparison in FCNC channels can help us also in the course of searching for new physics effects beyond the SM. 
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The calligraphic functions in the above expression have not definite twists but they can be written in terms of the B distribution amplitudes (DA's) with definite and increasing twists via the scalar product px. The relationship between the calligraphic functions appearing in the above equation and scalar, pseudo-scalar, vector, axial vector and tensor DA's for B baryon are given in Tables 2, 3 , 4, 5 and 6, respectively. Table 2 : Relations between the calligraphic functions and B scalar DA's. Every distribution amplitude, F = S 1,2 , P 1,2 , V 1→6 , A 1→6 , T 1→8 can be represented as: The explicit expressions for the DA's of the B baryon up to twists six are given as [49, 50] : Twist-3 distribution amplitudes:
Twist-4 distribution amplitudes:
Twist-5 distribution amplitudes:
Twist-6 distribution amplitudes: 
T 1 = T 1 2pxT 2 = T 1 + T 2 − 2T 3 2T 3 = T 7 2pxT 4 = T 1 − T 2 − 2T 7 2pxT 5 = −T 1 + T 5 + 2T 8 4(px) 2 T 6 = 2T 2 − 2T 3 − 2T 4 + 2T 5 + 2T 7 + 2T 8 4pxT 7 = T 7 − T 8 4(px)
2 T 8 = −T 1 + T 2 + T 5 − T 6 + 2T 7 + 2T 8 Table 6 : Relations between the calligraphic functions and B tensor DA's.
where, 
